Abstract: Light-driven activation of redox enzymes is an emerging route for sustainable chemical synthesis.A mong redox enzymes,t he family of Old YellowE nzyme (OYE) dependent on the nicotinamide adenine dinucleotide cofactor (NADH) catalyzest he stereoselective reduction of a,b-unsaturated hydrocarbons.H ere,w er eport OYE-catalyzed asymmetric hydrogenation through light-driven regeneration of NADH and its analogues (mNADHs) by N-doped carbon nanodots (N-CDs), az ero-dimensional photocatalyst. Our spectroscopic and photoelectrochemical analyses verified the transfer of photo-induced electrons from N-CDs to an organometallic electron mediator (M)for highly regioselective regeneration of cofactors.L ight triggered the reduction of NAD + and mNAD + sw ith the cooperation of N-CDs and M, and the reduction behaviors of cofactors were dependent on their own reduction peak potentials.The regenerated cofactors subsequently delivered hydrides to OYEf or stereoselective conversions of ab road range of substrates with excellent biocatalytic efficiencies.
Ene reductases from the Old Yellow Enzyme (OYE) family catalyze the asymmetric reduction of activated C=Cbonds in a,b-unsaturated compounds. [1] Theo xidoreductase contains af lavin mononucleotide (FMN) prosthetic group to which ahydride is transferred from areduced nicotinamide adenine dinucleotide cofactor [NAD(P)H].S ubsequently,t he substrate is trans-hydrogenated by accepting ah ydride from the reduced FMN and ap roton from aT yr-residue of the OYE. Despite the potential of OYE-catalyzed asymmetric reduction, the provision of stoichiometric NAD(P)H makes the process economically not feasible due to the high price of the cofactor. [2] This issue has prompted studies on in situ conversion of NAD(P) + to its reduced form (or vice versa) using different methods (e.g.,e nzymatic, chemical, electrochemical, photochemical, and photoelectrochemical). [3] According to the literature, [4] the use of hydride-transfer mediators can facilitate regioselective regeneration of NAD-(P)H by avoiding the formation of enzymatically inactive NADd imers.F urthermore,t he mediators can function as adiffusing communicator between photoactive materials and redox enzymes.A sas ubstitute of the natural cofactor, synthetic nicotinamide cofactor analogues (mNADHs) have sparked ar enewed interest in the field of redox biocatalysis because of their low price,better chemical stability,and even improved biocatalytic efficiency. [5] Several studies have demonstrated applications of the analogues as electron donors to drive various redox enzymes (e.g.,monooxygenase,P450 BM-3, enoate reductase,m alate dehydrogenase, d-lactate dehydrogenase,a nd malic enzyme). [5] Here,w er eport photoactivation of OYEs through lightdriven regeneration of mNADHs using carbon nanodots (CDs) as ap hotosensitizer,a sd epicted in Scheme 1. Three different mNAD + sh ave been synthesized for this study:1 -benzyl-3-carbamoylpyridinium (mNH 2 + ), 1-butyl-3-carbamoylpyridinium (mBu + ), and 1-benzyl-3-carboxypyridinium ion (mCOOH + ). According to the literature, [5, 6] these analogues possess one or two substituted functional groups positioned on C3 and/or N1 atoms that give rise to different kinetic parameters for the reductive reactions catalyzed by OYEs.W ee mployed triethanolamine (TEOA) and Cp*Rh-(bpy)H 2 O 2+ (Cp* = C 5 Me 5 ,b py = 2,2'-bipyridine) (M)a sa n electron donor and an electron mediator,r espectively,f or regioselective regeneration of mNADHs.S emiconducting materials such as quantum dots have been used for enzymemediated sensing,p hotobiocatalysis,a nd bioenergetic applications.
[7] Nano-sized CDs are zero-dimensional carbonaceous semiconducting nanomaterials that exhibit UV/Vis absorptivity,g ood photostability,b iocompatibility,w ater solubility,a nd tunable fluorescence emissions, [8] making them ap rospective alternative to molecular dyes and semiconductor quantum dots for photocatalytic applications,such as CO 2 reduction, [9] H 2 evolution, [10] and water splitting. [11] Recently,CDs have been applied to photoenzymatic synthesis through their coupling with redox enzymes.F or example, positively charged CDs were hybridized electrostatically with fumarate reductase for light-driven hydrogenation of fumarate to succinate via direct transfer of photoexcited electrons. [12] We synthesized nitrogen-doped CDs (N-CDs) by one-pot hydrothermal treatment (200 8 8C, 5h)o fc itric acid and ethylenediamine as acarbonaceous precursor and anitrogen doping agent, respectively, [13] and characterized them using multiple analytical tools (see Figure S7 bi ndicates that the optical band gap of N-CDs is approximately 2.74 eV.F igure S8 shows the onset of reduction potential, from which the corresponding LUMO was calculated to be À0.83 V(vs.Ag/AgCl). AHOMO of 1.91 V (vs.A g/AgCl) was estimated based on the optical band gap value.T his electronic configuration suggests photoactivated N-CDs possess the thermodynamic driving force to reduce M (redox potential of M: À0.76 Vvs. Ag/AgCl [14] ). We investigated light-driven regeneration of mNADHs by N-CDs under illumination (l cut-on :324 nm) in the presence of M and TEOA. Ther eduction of mNAD + st om NADHs was detected with different yields (in the order of NADH > mNH 2 H > mBuH > mCOOHH). Detailed regeneration performances (e.g., total turnover number (TTN), turnover frequency (TOF)) are listed in Table S1 . TEOAwas selected as asacrificial electron donor because its oxidation potential (ca. 0.86 Vvs. Ag/AgCl)
[7b] is more negative than the HOMO of N-CDs,a nd its suitability was confirmed by the reductive fluorescence quenching of N-CDs ( Figure S11) . Control experiments in the absence of each component (i.e., N-CDs, light, M,c ofactor, and TEOA) resulted in no formation of NADH or mNADHs ( Figure S12 ). This result indicates that light promotes the electrons of N-CDs to higher energy states that reduce M for mNADH regeneration, while the holes created by excited electrons are filled at the expense of TEOAo xidation. We also examined the dependencyo ft he initial rate of cofactor regeneration on the intensity of incident light ( Figure S13 ) and the concentration of N-CDs, M,c ofactor,a nd TEOA, respectively ( Figure S14) .
We explored the differential catalytic efficiencyo fM toward each cofactor using cyclic voltammetric analysis.T he degree of M mediation in the reduction of ac ofactor was estimated by measuring the increase in the reduction peak current of M (I M,p ). According to Figures 1a and S15 )c ontain the common amide functionality on C3 atom that is well known for the coordination to the Rh metal center of M.H owever, compared to NAD + ,d ifferent substituents of cofactor analogues on N1 atom exhibit lower electron-withdrawing abilities [15] in the order of ribosyl (of NAD + ) > 1-benzyl (of mNH 2 + ) > 1-butyl (of mBu + ), making the pyridine ring less electrophilic and less liable to accept electrons,r esulting in higher negative E cofactor,p than that of NAD + .O nt he other hand, mCOOH + possesses the negatively charged carboxyl group on C3 atom (at pH 7.5) that can interrupt the desirable carbonyl O-Rh coordination for hydride transfer due to the ionic interactions between the carboxyl group and the metal center of M. [16] We further investigated the effect of protonated carboxyl group of mCOOH + on the catalytic efficiency of M ( Figure S17) .
Next, we studied trans-hydrogenation of conjugated C = C bonds by implementing the photochemical recycling of cofactors into the biocatalysis driven by an OYEf rom Thermus scotoductus (TsOYE). Figure S18 shows ap rogressive reduction of 2-methyl-2-cyclohexen-1-one with different production yields (in the order of mNH 2 H > NADH > mBuH > mCOOHH) under illumination (l cut-on :3 24 nm) for 180 min. As shown in Figure 2a ,m NH 2 Hr egeneration displayed the highest TOF TsOYE of 511.8 h À1 and TTN TsOYE of 670.1 among four different cofactors.T he absence of cofactor (i.e., M alone) caused afailure in the TsOYE-driven reduction of C=Cbonds.The result indicates that NADH and mNADHs,n ot M,a re the diffusing hydride donors to the prosthetic FMN in TsOYE. We also observed that the photobiocatalytic performance increased with the concentration of N-CDs,i ndicating that ah igher regeneration rate of mNH 2 Henhances the rate and the production yield of OYEdriven trans-hydrogenation ( Figure S19) ;T OF TsOYE of 576.3 h À1 and TTN TsOYE of 838.9 were achieved by using 0.20 mg mL À1 N-CDs.T hese values are much higher compared to other systems reported for photoactivation of OYEs (Table 1) . We attribute the inverted order to the better kinetic parameters of mNADHs.A ccording to the literature, [6] the catalytic efficiencyfor the reductive half-reaction (k red /K D )of TsOYEw ith mNH 2 H( 533 mm À1 s À1 )i sa round three times higher than with NADH (163 mm À1 s À1 ). In addition, the lower biocatalytic performance could be caused by chemical binding of NADH to N-CDs that possibly prohibits NADH from diffusing inside the catalytic site of TsOYE( Figure S20 ). Furthermore,weexamined the general applicability of the N-CD-sensitized photobiocatalytic platform to the conversion of another a,b-unsaturated compound (i.e., trans-cinnamaldehyde) by TsOYE. In agreement with the conversion of 2-methyl-2-cyclohexen-1-one,t he regeneration platform prompted TsOYEa ctivity toward the reduction of the unsaturated aldehyde with varying yields in the order of mNH 2 H > NADH > mBuH > mCOOHH (Figure 2b ). Compared to the reaction of 2-methyl-2-cyclohexen-1-one, the lower catalytic performance is ascribed to the inhibitory effect of the product 3-phenylpropionaldehyde on TsOYE. [17] Taken together,N-CD-sensitized regeneration of NADH and its analogues can be applied to different unsaturated compounds and best results were obtained with mNH 2 Hc ompared to the natural cofactor and other analogues.
In summary,w eh ave demonstrated OYE-catalyzed asymmetric hydrogenation by N-CDs via light-driven regeneration of NADH and its analogues (i.e., mNH 2 H, mBuH, and mCOOHH). Through spectroscopic and (photo)electrochemical analyses,w ee lucidated the capability of N-CDs to deliver photoexcited electrons to M and different photochemical reduction behaviors of NAD + and mNAD + s. Initial rates and yields of regeneration were in the order of NADH > mNH 2 H > mBuH > mCOOHH, which we ascribe to different reduction peak potentials of cofactors.The coupling of photochemical regeneration of mNADHs with a TsOYEdriven reaction allowed for the efficient synthesis of (R)-2- Eosin Y-sensitized direct activation of OYE [17] TsOYE 118.0 295.0 67
[Ru(bpz) 2 dClbpy]Cl 2 -sensitized regeneration of methyl viologen [18] TOYE 121.5 500.0 [b] > 99 PETNR 100.4 445.0 [b] 89 CdSe-sensitized regeneration of methyl viologen [19] YqjM 23.3 [b] 8.0 [b] 12 [b] Au-TiO 2 -sensitized regeneration of free FMN [20] TsOYE 82.2 [b] 411.2 [b] 62 [b] [a] With 0.20 mg mL À1 N-CDs ( Figure S19 ).
[b] Approximateestimation based on data provided by the corresponding reference.
methylcyclohexanone ( % 94 % ee). Furthermore,abroader applicability of the photobiocatalytic system was demonstrated by employing different substrates (e.g., 2-methyl-2-cyclohexen-1-one, trans-cinnamaldehyde). Thep hotochemical regeneration platform of mNH 2 He nabled excellent catalytic activities of TsOYEo ver the substrates.C ompared to other cofactors,m NH 2 Hse xcellent performance is on account of the higher k red /K D of TsOYEw ith mNH 2 Ht hat compensates for the lower efficiencyofmNH 2 Hregeneration. Although our photobiocatalytic system recorded ah igher enzymatic efficiencyt han other platforms for light-induced activation of OYEs,a dmittedly it still falls short of the productivities obtained with classical cofactor regeneration systems. [21] Nevertheless,t he limitations identified in this contribution are the basis for further improvements,s uch as the design of CDs exhibiting enhanced efficiencies of charge separation and migration, and the structural modification of the hydride-transfer mediator to tune its redox potential. [14] Overall, the light-driven approach to regenerate better-thannature cofactor analogues is apromising strategy for efficient activation of oxidoreductases using light energy.
